Enterovirus (EV) is an RNA virus that has circulated with different serotypes and genotypes worldwide. Enterovirus 71 (EV71) is a major neurotropic virus that causes severe brain stem encephalitis (BE) in infants and young children. The most vulnerable age for fatal infection is 6 to 11 months. This is associated with the coincident decline in maternal antibodies. The current report describes our finding that EV71 can infect human peripheral blood monocytes. We were able to show that EV71 infection is enhanced in the monocytic cell line THP-1 by the presence of subneutralizing concentrations of anti-EV71 antibodies. We also found that antibody-dependent enhancement (ADE) is mediated in part by Fc␥ receptors. These observations support the concept that ADE augments the infectivity of EV71 for human monocytes and contributes to the age-dependent pathogenesis of EV71-induced disease. The ADE phenomenon must be considered during the development of an EV71 vaccine.
Enterovirus 71 (EV71) is a member of the family Picornaviridae. It was first recognized in California in 1969 (7, 37) and subsequently throughout the world (1, 26, 33, 35, 42) . EV71 is associated with a wide variety of clinical syndromes, including hand-foot-and-mouth disease (HFMD), herpangina, aseptic meningitis, poliomyelitis-like paralysis, and brain stem encephalitis (BE). Several large epidemics of enterovirus infections have occurred in Taiwan during the past decade (1, 26, 42) . The most frequently isolated enteroviruses are EV71, echovirus 30, coxsackievirus B4 (CB4), coxsackievirus A 16 (CA16), and CA10. We reported that patients with EV71 BE complicated by pulmonary edema (PE) had lower absolute monocyte counts than those with autonomic nerve system (ANS) dysregulation and uncomplicated BE (43) . CD4 ϩ T, CD8 ϩ T, and NK cell counts also were significantly decreased (43) . These observations suggest that immune cells are targets for EV71.
The Enterovirus genus is subdivided into four species: human enterovirus A (HEV-A), HEV-B, HEV-C, and HEV-D. EV71 belongs to the HEV-A group along with coxsackievirus A2 to A8, A10, A12, A14, A16, EV76, and EV89 to EV92 (44) . Many genotypes of EV71 containing intra-and interserotypic recombinants have been shown to circulate in Taiwan and other Asian countries (20, 22) . There is considerable cross-antigenicity among different subgenogroups from areas where EV71 is endemic (29) . The highest rates of infection by enteroviruses occur in young children (Ͻ4 years of age). The peak incidence of infection is at about 1 year of age. The highest mortality rate occurs at 6 months to Ͻ1 year (2, 6, 18). Luo et al. reported that 63% of the pregnant women in Taiwan and 51% of their neonates have EV71 antibodies (27) . The most vulnerable age for mortality, 6 to 11 months, coincides with the time that maternal antibodies decline. These observations raise the possibility that antibodies to cross-reacting prevalent enteroviruses and/or declining concentrations of maternal antibodies to EV71 might augment the infectivity of EV71 by antibodydependent enhancement (ADE).
The ADE concept is based on the notion that heterotypic, nonneutralizing antibodies, derived from a maternal or a previous primary infection, bind to the virion and enhance viral entry through the interaction between virus-antibody complexes and Fc␥ receptors (Fc␥R) on Fc␥R-bearing cells, particularly on monocytes. This phenomenon has been described for dengue virus (12, 14, 15, 24, 39) , influenza virus (32), human immunodeficiency virus type 1 (36) , CB, and other Picornaviridae viruses (13, 17) . In the current study, we found that EV71 can infect human monocytes. This stimulated us to establish an in vitro model of the infection of EV71 using a monocytic cell line (THP-1). We found that the Fc␥ receptor augments the ability of subneutralizing antibodies to enhance EV71 infection in this cell line.
(Presented in part at the 49th Annual Interscience Conference on Antimicrobial Agents and Chemotherapy, San Francisco, CA, 12 to 15 September 2009 [43a] .)
MATERIALS AND METHODS

Virus.
A strain of EV71 (Taiwan/4643/98), isolated from a child who died from EV71 infection, was provided by the Virology Laboratory of National Cheng Kung University Hospital. The virus was propagated in rhabdomyosarcoma (RD) cells with Dulbecco's modified Eagle's medium (DMEM) supplemented with heat-inactivated 2% fetal bovine serum (FBS) and antibiotics. Virus cell cultures were frozen and thawed three times to release intracellular virus and centrifuged at 800 ϫ g for 10 min at 4°C to remove the cell debris. The super-natant was stored in aliquots at Ϫ70°C. Virus titration was performed by plaque assay in RD cells.
Cell culture. THP-1 (human monocytic cell line) were cells maintained in RPMI-1640 containing 2 mM L-glutamine, 10 mM HEPES (Sigma), 1.0 mM sodium pyruvate, 0.05 mM 2-mercaptoethanol, 10% heat-inactivated FBS, and 1% gentamicin. Cells were grown at 37°C in a 5% atmosphere of CO 2 .
Isolation of human PBMCs. Peripheral blood mononuclear cells (PBMCs) were isolated from heparinized blood from adult volunteers and separated by the Ficoll-Hypaque method. The cells were washed three times by centrifugation in RPMI 1640. They were adjusted to a concentration of 2 ϫ10 6 cells/ml in RPMI 1640 supplemented with 10% FCS, 1% L-glutamine, 1.0 mM sodium pyruvate, and 1% gentamicin and distributed as 0.1-ml aliquots into 96-well tissue culture plates. To separate different subsets of mononuclear cells, the PBMCs were incubated with fluorescein isothiocyanate (FITC)-conjugated anti-human CD4, CD8, CD20, and CD14 antibody for 30 min at 4°C and then purified by a FACSAria flow cytometer (Becton Dickinson Bioscience, San Jose, CA).
The Clinical Research Ethics Committee of the National Cheng Kung University Hospital approved the study protocol. Informed consent was obtained from the participants.
Immunofluorescent staining. EV71-infected and mock-infected control cells were added to glass-chamber slides and fixed in 3.7% paraformaldehyde for 10 min at room temperature. The slides were washed with RPMI 1640 and cytocentrifuged. The cells were incubated for 30 min at room temperature with a 1:1,000 dilution of monoclonal antibody (MAb) against EV71 (MAb979; Chemicon International, Temecula, CA). A 1:200 dilution of FITC-conjugated secondary antibodies (Jackson ImmunoResearch Laboratory, Baltimore, PA) was added and counterstained with Hoechst 33258 (Sigma, St. Louis, MO), after which the cells were counted with a fluorescence microscope. The cells were washed three times with sterile phosphate-buffered saline (PBS) prior to microscopy.
Flow-cytometric analysis. After being washed with staining buffer, EV71-infected cells and mock-infected cells (2 ϫ 10 5 cells/ml) were fixed with 70% alcohol for 30 min at Ϫ20°C. The cells then were incubated with monoclonal antibody against EV71 (MAb 979) at a 1:500 dilution for 30 min at 4°C. FITCconjugated secondary antibodies at a 1:200 dilution were added and incubated for 30 min in the dark at 4°C. This was followed by three washes with PBS before the cells were resuspended in 0.5 ml of PBS for flow-cytometric analysis.
Plaque assay. RD cells (1 ϫ 10 5 ) in 200 l RPMI 1640 were seeded in each well of a 24-well plate. Serial dilutions of the different viral suspensions were added to the wells for 18 h of incubation. After absorption for 1 h at 37°C, the virus supernatant was replaced with DMEM containing 2% FBS and 0.8% methylcellulose for 72 h. After the removal of the medium and a 15-min fixation step with 4% formalin in PBS, the plaques were read by being stained with 1% crystal violet. Counts were expressed as PFU per milliliter.
Antibody-dependent enhancement assays. THP-1 cells were distributed into 96-well tissue culture plates with heat-inactivated 10% fetal bovine serum as described above. Virus-antibody complexes were prepared by incubating plasma obtained from EV71-infected patients or a control group. The plasma fractions were serially diluted and mixed with the inoculum of EV71 for 30 min at 37°C. The EV71 and EV71-antibody complexes were added to cells at a multiplicity of infection (MOI) of 10 before incubation for 1 h at 4°C. Cells were washed three times in PBS and then incubated in RPMI 1640 (24 h at 37°C, 5% CO 2 atmosphere). After incubation, cells were harvested and the EV71 infectivity was determined by staining with anti-VP1 antibody for flow cytometry.
Statistical analysis. Proportional data were tested using 2 analyses or Fisher's exact test. Continuous data were tested using the t test or the Mann-Whitney U test. All analyses were performed using SPSS software (version 11.5; Chicago, IL). Differences were considered significant at P Ͻ 0.05.
RESULTS
EV71 infection of PBMCs. PBMCs from healthy subjects were cocultured with EV71 at an MOI of 10. The cells were stained with anti-EV71 monoclonal antibody at 24 h postinfection. The EV71 VP1
ϩ capsid proteins were detected with anti-VP1 Ab by immunofluorescent microscopy. VP1 ϩ proteins were observed on PBMCs inoculated with EV71 but not on mock-infected controls (Fig. 1A) . Transmission electronic microscopy revealed virus-like EV71 particles within the PBMCs (Fig. 1B ). They were enclosed by double-membrane vesicles in the cytoplasm (19) . Flow cytometry was used to quantitate virus replication in EV71-infected cells. VP1 was detected on EV71-infected PBMC ( Fig. 2A) . Virus production determined by the plaque assay was detected in PBMCs from two donors (Fig. 2B) . The human PBMCs were separated into CD3 ϩ T cells, CD20 ϩ B cells, and CD14 ϩ monocytes by FACSAria analysis with specific antibody. Both lymphocytes and monocytes were shown to produce virus by plaque assay (Fig. 2C ). These findings demonstrate that human monocytes can be infected by EV71.
Enhancement of EV71 infectivity at subneutralizing antibody levels. To characterize the effect of ADE on EV71 infection, the THP-1 monocytic cell line was used as the model cell. Various concentrations of EV71 immune serum were incubated with EV71 virus. High levels of immune serum prevented EV71 infection. In contrast, low levels (10 Ϫ3 dilution) of anti-EV71 immune serum enhanced infectivity (Fig. 3) . These effects were noted by the immunofluorescent and flow-cytometric staining of the VP1-positive cells (Fig. 3A and B) in a dose-dependent manner (Fig. 3C) . Three representative immune sera obtained from EV71-infected patients demonstrated enhancing activities. EV71-neutralizing titers at about 1:512 dilution inhibited EV71 infection, whereas sera diluted to subneutralizing levels (5-to 0.5-fold) enhanced EV71 infectivity on THP-1 cells. CA16 immune serum and control sera did not enhance EV71 infection.
Human IVIG is able to neutralize or enhance EV71 infection in THP-1 cells in a concentration-dependent manner. Human intravenous immunoglobulin (IVIG) sometimes is used for the treatment of severe EV71 infection. Therefore, we wished to determine whether it could neutralize or enhance EV71 infection in our model systems. Most commercial IVIGs can neutralize EV71 at a titer of 1:128. IVIG (Gamimune N; Bayer) was tested at a dose range of 0.2 to 5 ϫ 10 4 g/ml. Concentrations of 16 ϫ 10 3 to 8 ϫ 10 3 g/ml were found to enhance EV71 infection by flow-cytometric analysis (Fig. 4A and B) . Virion production was determined by plaque assay. As shown in Fig. 4C , the amount of infectious virus particles in the supernatants was increased at concentrations of 500 g/ml (6.76 ϫ 10 5 Ϯ 2 ϫ 10 5 ; P ϭ 0.015) and 1,000 g/ml (1.08 ϫ 10 6 Ϯ 4.71 ϫ 10 5 ; P ϭ 0.002) compared to those of virus alone (3.58 ϫ 10 5 Ϯ 1.16 ϫ 10 5 ). The dose of 4,000 g/ml fell into a range between neutralization and enhancement.
The role of Fc␥ receptors in EV71-ADE. To determine whether Fc␥ receptors participate in the enhancement of EV71 infection by anti-EV71 antibody, anti-Fc␥R antibodies were used to block Fc␥ receptors prior to EV71 infection. We found that patients' immune sera enhanced the EV71 infection of THP-1 cells by 3 to 13%. The addition of anti-Fc␥RI (CD64), but not anti-FcR␥II (CD32) and anti-Fc␥RIII (CD16), significantly inhibited immune serum-mediated ADE infection (Fig. 5) . These findings support the notion that Fc␥ receptors play a role in EV71-ADE.
DISCUSSION
We found that EV71 is capable of infecting human monocytes, that infectivity was enhanced by subneutralizing levels of immune sera or IVIG, and that Fc␥ receptors participate in this phenomenon. These findings support the concept that EV71-ADE has important implications not only for the pathogenesis of EV71 infection but also for the development of a sufficiently immunogenic EV71 vaccine. Enteroviruses can be isolated from the leukocytes of infected patients (8, 11, 25, 34, 41) . CB3 can replicate in lymphocytes or monocytes (41) . Poliovirus 1-infected PBMCs trigger the production of alpha interferon (IFN-␣) (34). Kung et al. reported that human PBMCs were permissible for EV71 infection (25) . We reported that Jurkat T cells infected with EV71 enhance FasL expression and might contribute to T-cell apoptosis during EV71 infection (5). These observations may explain the profound leukopenia noted in patients with severe EV71 BE (43) . Moreover, infection and replication in monocytes might contribute to ADE. The ADE phenomenon has been described in many viral infections. The proposed mechanisms include Fc␥R dependent on an Fc␥R-bearing target; a complement-dependent effect on CR-or C1qR-bearing cells; antibody-induced conformational changes that facilitate membrane fusion; and the suppression of the cellular antiviral response (30, 38) . The most commonly accepted concept is that ADE works through an Fc␥R-dependent mechanism. In the current study, we have shown that the Fc␥R is involved. We excluded the complement hypothesis by using heat-inactivated fetal calf serum.
THP-1 is a leukemia cell line of macrophage lineage with distinct monocytic markers. It has Fc and C3b receptors (10, 40) . Using antibody against three receptors, Fc␥RI (CD64), Fc␥RII (CD32), and Fc␥RIII (CD16) (9), we found that only anti-Fc␥RI was able to block EV71-ADE on THP-1 cells. It appears that the EV71 virion-anti-EV71 antibody complex binds to the cell surface at the Fc␥RI to enhance entry and replication. Two additional EV71 receptors (P-selectin glycoprotein ligand-1 and scavenger receptor B2) have been described recently (31, 45) . It is not known whether these or other as-yet unidentified receptors interact with the Fc␥R and participate in EV71 ADE. This will require further investigation.
Cytokine production has been shown to be increased by the enhancing antibody. In dengue virus infection, the anti-inflammatory cytokines interleukin-6 (IL-6) and IL-10 are enhanced and the Th1 cell-promoting cytokines (IL-12 and IFN-␥) are blocked (3). In respiratory syncytial virus infection of macrophages, ADE is associated with the increased expression of tumor necrosis factor ␣ and IL-6 in BALB/c mice (16) . The CB4-induced synthesis of IFN-␣ by PBMCs is enhanced in an ADE manner (4) . In Ross River virus infection, virus-induced IL-10 is enhanced by ADE after Fc␥R ligation (28) . We found increased systemic levels of IL-10, IL-13, and IFN-␥ in patients with severe EV71 disease (43) . The potential role of ADE in the expression of cytokine production in the immunopathogenesis of EV71 in humans currently is under investigation in our laboratory.
EV71 infection has become an important emerging infectious disease in children in Asia (2, 6, 18, 44, 46) . It was previously thought to occur only episodically, but it is now endemic in the West Pacific area. Because of its considerable potential to cause severe central nervous system infections and its high secondary transmission among young children, there is considerable interest in developing a vaccine for this disease (23) . The ADE phenomenon needs to be considered in the development of a safe and effective viral vaccine (21) . In summary, the current findings indicate that ADE is involved in the pathogenesis of EV71 infection. The mechanism involves virion-antibody complexes mediated by nonneutralizing antibodies augmented by Fc␥R on monocytes. 
